The subcritical Organic Rankine Cycle (ORC) with 28 working fluids for waste heat recovery is discussed in this paper. The effects of the temperature of the waste heat, the critical temperature of working fluids and the pinch temperature difference in the evaporator on the optimal evaporation temperature (OET) of the ORC have been investigated. The second law efficiency of the system is regarded as the objective function and the evaporation temperature is optimized by using the quadratic approximations method. The results show that the OET will appear for the temperature ranges investigated when the critical temperatures of working fluids are lower than the waste heat temperatures by 18 ± 5 K under the pinch temperature difference of 5 K in the evaporator. Additionally, the ORC always exhibits the OET when the pinch temperature difference in the evaporator is raised under the fixed waste heat temperature. The maximum second law efficiency will decrease with the increase of pinch temperature difference in the evaporator.
Introduction
Over the past years, with the increasing consumption of fossil fuels, more and more low-grade waste heat is directly released into the environment and some severe environmental problems, such as global warming, ozone depletion and thermal pollution, have arisen. In addition, with the development of the economy and society, the phenomenon of energy shortages is everywhere. To solve the problems mentioned above, recovering the low-grade waste heat is important. However, the use of conventional steam power cycles to recover low-grade waste heat, such as exhaust gas from engines and waste heat from industrial processes, is economically infeasible [1] [2] . The Organic Rankine Cycle (ORC) has the potential to use not only low-grade waste heat but also renewable energy sources, such as geothermal energy and solar energy [3] [4] [5] [6] [7] [8] .
Recently, much research has been done on the choice of working fluids and the performance analysis of the ORC. Wang et al. [9] investigated the effect of mass flow rate of working fluids on the performance of the cycle for pure and zeotropic mixtures working fluids in a low-temperature solar Rankine cycle. Xu and He [10] performed a comparison between a vapor injector-based novel regenerative ORC and a basic ORC in terms of their thermal efficiency and power output. Zhang et al. [11] studied the performance of subcritical ORC and transcritical power cycle systems for the low grade geothermal source of 363 K. Dai et al. [12] conducted parametric optimization of ORC with exergy efficiency. Bahaa Saleh et al. [13] did research on the thermodynamic screening of 31 pure component working fluids for ORC under a fixed power output. Mago et al. [14] analyzed the performance of some working fluids under different heat source temperatures and indicated that the boiling point of the working fluids has a strong influence on the system thermal efficiency. Baik et al. [15] compared the output power of the transcritical cycle with carbon dioxide and R125 for a low-grade heat source of about 373 K, and the two cycles were optimized by using output power as an objective function. Roy et al. [16] studied the output power, the system and second law efficiency, irreversibility of the system and so on in the case of two different heat source temperatures. One of the results showed that the output power of the cycle with some working fluids increases monotonously, while that of the cycle with other working fluids increases first and then decreases with the increase of turbine inlet temperature. However, they did not study further the conditions of the two different trends of the cycle output power.
In the literature, the performance analyses of ORC are mainly conducted under the conditions of fixed heat source temperature and output power, and the second law efficiency or exergy efficiency are usually adopted to evaluate the thermodynamic performance. However, the factors affecting the optimal evaporation temperature (OET) of the ORC are not clear. In this paper, the working fluid at the inlet of the expander is saturated vapor and so the expander inlet temperature is equal to the evaporation temperature. The situations of the OET are defined as follows: if the second law efficiency of ORC is monotonously increased with the increase of expander inlet temperature, the cycle does not exhibit the OET; however, the cycle does exhibit the OET if the second law efficiency first increases and then decreases with the increase of expander inlet temperature. In the second case, the expander inlet temperature corresponding to the maximum second law efficiency is called the OET. The influences of the temperature of the low-grade waste heat, the critical temperature of working fluids and the pinch temperature difference on the OET of subcritical ORC are discussed systematically and a few meaningful conclusions are obtained in this paper. Figure 1 shows the schematic diagram of the organic Rankine cycle. The basic ORC system contains a working fluid pump, an evaporator driven by low-grade waste heat, an expander, a generator and a condenser. Working fluid with a low boiling point is pumped into the evaporator, where it is heated and vaporized by the low-grade waste heat. The high pressure vapor from the evaporator flows into the expander, where the vapor gets expanded and the work is produced; simultaneously, the expander drives the generator and electric energy is generated. Then, the exhaust vapor from the expander is released into the condenser and condensed by the cooling water. The condensed working fluid is pumped back to the evaporator, and another new cycle begins. As shown in Figure 2 , the thermodynamic process of a basic ORC system can be illustrated in terms of a T-S diagram. The dotted lines of 1-2 and 3-4 stand for the real situations while the solid lines of 1-2 s and 3-4 s stand for the ideal situations (the scale between the two points is magnified). For the investigated ORC, some assumptions are made as follows: (1) the system has reached the steady state; (2) there is no pressure drop in the evaporator, pipes and condenser; (3) the heat loss in the components is neglected; (4) isentropic efficiencies of pump and expander are given. The states of the working fluid at the outlet of condenser and the inlet of expander are saturated liquid and vapor, respectively. Therefore, the evaporation temperature is equal to the inlet temperature of the expander. More detailed processes of the ORC are as follows:
System Description, Analysis and Method

System Description and Analysis
Process 4 to 1: This is an isobaric heating process in the evaporator. The low-grade waste heat source transfers the heat to the working fluid and then the working fluid is vaporized. The heat absorbed by the working fluid in the evaporator would be given by:
where, m h and m wf are the mass flow rate of the waste heat and working fluid, respectively. h 5 , h 6 , h 4 and h 1 are the specific enthalpies of the waste heat and working fluid at the inlet and exit of the evaporator, respectively. Process 1 to 2: The high pressure vapor working fluid from the evaporator enters the expander, where the heat energy is converted into mechanical power. Then the mechanical power is converted into electric energy by the generator. For the ideal case, the process of 1-2 s is an isentropic process. However, due to the irreversibility in the expander, the expander isentropic efficiency is less than 100%. For the same reason the efficiency of the mechanical power converted into electric energy could never reach 100%. The power generated by the expander could be defined as:
where, h 2 is the specific enthalpy of the working fluid at the outlet of the expander, h 2s is the specific enthalpy of the working fluid at the outlet of the expander in the ideal case. Ș s and Ș g are the expander isentropic efficiency and generator efficiency, respectively. Process 2 to 3: This is an isobaric heat rejection process in the condenser. The exhaust vapor at the outlet of the expander enters the condenser and releases the latent heat into the cooling water. The total heat released by the working fluid in the condenser could be expressed as: 2 3 ( )
where, h 3 is the specific enthalpy of the working fluid at the outlet of the condenser. Process 3 to 4: In a real situation, this is a non-isentropic compression process in the pump. The power input by the pump could be expressed as:
where Ș p is the isentropic efficiency of the pump. h 4s and h 4 are the specific enthalpies of the working fluid at the outlet of the pump for the ideal and actual condition, respectively. The net power output for the ORC could be given by:
The second law efficiency or exergy efficiency of ORC system could be expressed as:
where E 5 is the exergy of the waste heat source at the inlet of the evaporator. It could be evaluated as follows:
where h 5 and h 0 are the specific enthalpies of the waste heat source at the temperature of T 5 and T 0 , respectively; T 0 is the environment temperature; s 5 and s 0 are the specific entropies of the waste heat source at the temperature of T 5 and T 0 , respectively. The temperature difference between the critical temperature of the working fluid and the low-grade waste heat temperature could be evaluated by:
where T c and T 5 are the critical temperature of the working fluid and the low-grade waste heat temperature at the inlet of the evaporator, respectively. The simulation conditions are given in Table 1 . Under the given conditions, the maximum second law efficiency is expected in order to make full use of the low-grade waste heat. The second law efficiency for the ORC reflects the capability to recover the work for a given low-grade waste heat. Therefore, the second law efficiency determined by Equation (6) is the objective function to optimize this system. 
Calculation Method
The thermodynamic properties of the working fluid and the ORC performance are evaluated with the Engineering Equation Solver (EES) simulation tool [17] . The quadratic approximations method is adopted to optimize the objective function (i.e., the second law efficiency). During the optimization process, the second law efficiency is maximized by adjusting the evaporation temperature.
Choice of Working Fluids
There are many requirements that the working fluid needs to meet for the ORC, such as stability, non-fouling, non-corrosiveness, non-toxicity and non-flammability [18] [19] [20] [21] . As a matter of fact, not all the desired general criteria could be satisfied in the present ORC design.
Through calculation, we recognize that working fluids with critical temperatures lower than 345 K are not suitable for the limits of subcritical conditions and the given range of the waste heat source temperatures considered in this paper. Twenty eight working fluids with critical temperatures above 345 K are taken into account. The main purpose of this paper is to draw the general conclusions about the thermodynamic performance of the working fluids. Therefore, some other criteria about the working fluids such as the technical and economic aspects and the safety are not taken into account. The properties of 28 working fluids adopted are listed in Table 2 . 
Results and Discussion
Influence of Low-Grade Waste Heat Temperature on the OET
The relationships between the second law efficiency of system and the evaporation temperature (T 1 ) are investigated when the rage of waste heat temperatures (T 5 ) is from 423.15 K to 358.15 K with the intervals of 5 K and pinch temperature difference (¨T 1 ) is 5 K in the evaporator. For simplicity and clarity, the relationship of the second law efficiency and the evaporation temperature are shown in Figure 3 for only two waste heat temperatures. Table 3 lists the OET and the second law efficiency for the highest and the lowest waste heat temperatures investigated, respectively. As shown in Figure 3a , the second law efficiency of the ORC for most working fluids has a maximum. Therefore, OET can be determined. For example, for the working fluids R717, R600a, R142b and R114, the OETs are 363.7 K, 366.2 K, 366.7 K and 365.6 K, respectively. However, for a few working fluids, such as R12, R152a, R124 and R236fa, the second law efficiency of the cycle will monotonously increase with the increase of evaporation temperature. Therefore, there is no OET for these working fluids.
For working fluids R12, R124 and R152a, the OET does not appear as shown in Figure 3b . The OET appears for the working fluid R236fa. In order to simplify other working fluids with the OET are not described in Figure 3b .
From Table 3 , it is observed that ORC has exhibited the OET when the critical temperature of working fluid exceeds the low-grade waste heat temperature. For example, the critical temperature of R600 is about 1.98 K higher than the waste heat temperature and its OET is 365.3 K. However, the critical temperature of the working fluid is lower about 25 K than the waste heat temperature, the OET of the ORC is not found within the range of temperatures investigated, such as for working fluid R236fa.
Under the conditions investigated in this paper, the pinch point is located at point 9 in the evaporator. According to the Equation (6), the efficiency of second law is related to the net power output of ORC. The net power output is almost equal to product of the mass flow rate of the working fluid and the specific enthalpy drop in the expander since the power consumed by the pump can be neglected. Therefore, OET is generally related to the mass flow rates of the working fluids (m wf ) and the specific enthalpy drop(ǻh) in the expander. The appearance of OET is determined by the change rate of mass flow rate of fluid (dm wf /dT 1 ) and the specific enthalpy drop change rate (d(ǻh)/dT 1 ). Sign "/" means working fluid not to be used and "---" does working fluids not to exhibit the OET at given conditions. The relationship of the outlet temperature of the waste heat source and the evaporation temperature is shown in Figure 4 . For R124, the outlet temperature of the waste heat source increases as the evaporation temperature increases. This will lead to a reduction of heat rejection of waste heat source and heat absorption of the ORC system. Simultaneously, the working fluid specific enthalpy at the outlet of the evaporator will also increase and the mass flow rate of working fluid will reduce correspondingly. The specific enthalpy drop of working fluid in expander also will increase with the rise of evaporation temperature. For the working fluids, the enthalpy of saturated vapor usually increases firstly and then decreases with the rise of evaporation temperature. This will lower the rate of increase of the specific enthalpy drop of the working fluid in the expander. The mass flow rates of R124, the specific enthalpy drop in the expander and their change rate with the evaporation temperature are shown in Figure 5 . The flow rate of fluid decreases while the specific enthalpy drop in the expander increases with the increase of the evaporation temperature as shown in Figure 5a . The appearance of OET is determined by the change rate of mass flow rate of fluid (dm wf /dT 1 ) and the specific enthalpy drop change rate (d(ǻh)/dT 1 ). The change rate of the specific enthalpy drop for R124
From Figure 5b , it is clear that the change rate of mass flow rate of fluid for the waste heat temperature of 408 K is greater than that for the waste heat temperature of 418 K. In addition, there is a significant increase for the former with the rise of the evaporation temperature. However, the increment of the specific enthalpy drop reduces with the increase of the evaporation temperature for both the two temperatures. Therefore, the OET appears at the temperature of 408 K while it doesn't appear at the temperature of 418 K.
The ORC with all the working fluids investigated has exhibited the OET when T 5 is equal to 358.15 K. It is obvious that the second law efficiency of system shows the different trends with the evaporation temperature under the different waste heat temperatures. When the waste heat temperatures change from 423.15 K to 358.15 K, the OET will appear for some working fluids. Table 4 lists ¨T c , T b and Ș II for different working fluids when the OETs appeared for the range of waste heat temperatures investigated. From Table 4 , it is clear that the OET appeared when the temperature differences between the critical temperature and the low-grade waste heat temperature are í20.1 K, í17.7 K, í14.77 K, í21.74 K, í23.03 K, í13.35 K, í18.94 K, í18.26 K, í18.85 K, í17.58 K, í16.89 K, í12.29 K for R236fa, R124, RC318, R152a, R12, R227ea, R134a, R290, R22, Propylene, R32 and R143a, respectively. Generally, for the working fluids and the range of the waste heat temperatures investigated, the OET will appear when the critical temperature of working fluids is lower than the temperature of waste heat by 18 ± 5 K. By analyzing the above data, the OET of the ORC is related to the critical temperature of the working fluid and the waste heat temperature. Figure 6 presents the relationship of the second law efficiency and the evaporation temperature at the different pinch temperature differences (¨T 1 ) in the evaporator when the low-grade waste heat temperature is kept at 423.15 K. The values of the OET (T b ) and the maximal second law efficiency (Ș II ) of system are listed in Table 5 . If the values of T b and Ș II are not given in the Table, it means that the ORC does not exhibit the OET with these working fluids.
The Effect of the Pinch Temperature Difference on the OET
For each working fluid, the temperature difference between the critical temperature and the low-grade waste heat temperature (¨Tc) is constant. From the Figure 3a, Figure 6a , Table 3 and  Table 5 , it could be seen that the ORC with R236fa exhibits the OET when the pinch temperature difference ¨T 1 is improved from 5 K to 10 K. When the value of ¨T 1 gets increased to 15 K, the similar situation happens on R124, as shown in the Figure 6b and Table 5 . The Figure 6c and Table 5 illustrate that the ORC with R12 and R152a exhibits the OETs of 359.9 K and 362.3 K, respectively. Therefore, it is clearly shown that the OET of the system is related to not only the waste heat temperature but also the pinch temperature difference (¨T 1 ) in the evaporator. The value of the maximal second law efficiency gets decreased with the increase of pinch temperature difference in the evaporator for the same working fluid, as shown in Table 5 . For example, the maximal second law efficiency of the ORC for toluene gets decreased from 31.36% to 28.51% when the pinch temperature difference increases from 10 K to 15 K. Because the irreversibility in the ORC will increase with the increment of the pinch temperature difference in the evaporator, the second law efficiency of system will get decreased. From Table 5 , it is known that the maximal value of second law efficiency of the ORC is 41.53% for R236fa and the minimum is 25.80% for toluene. These results will help to select working fluid in engineering application. 
Conclusions
The effects of the waste heat temperature and the pinch temperature difference in the evaporator on the OET in ORC were discussed. The quadratic approximations method was used to optimize the second law efficiency of the ORC with 28 different working fluids. Based on the analysis in this paper, the following conclusions could be made:
The OET of the ORC is related to the waste heat temperature, the critical temperature of working fluids and the pinch temperature difference in the evaporator.
When the critical temperature of working fluids is lower than the temperature of waste heat by 18 ± 5 K and the pinch temperature difference in the evaporator is fixed at 5 K, OET in ORC will appear for the temperature ranges investigated. When the critical temperature of working fluids exceeds the temperature of waste heat, the ORC always exhibits the OET.
The ORC with some working fluids also exhibits the OET when the pinch temperature difference in evaporator is greater than a certain value and the temperature of the waste heat is kept at 423.15 K. The optimal second law efficiency of the ORC gets decreased with the increase of pinch temperature difference in the evaporator.
However, this paper focuses only on the second law efficiency and this criterion is not sufficient for a proper selection of the working fluid in ORC. The environmental and economical aspects in selecting the working fluids for the ORC will be considered in the future.
